Abstract
In our previous study [19] , two different electro-spraying systems were 1 compared to investigate the effect of the ring electrode on the cone-jet characteristics.
2
Numerical calculation was performed to investigate the effect of ring electrode on the 3 electric field. The same electro-spraying systems are employed in the present study.
4
The combustor in nozzle-ring system is consisted of three pieces of quartz glass tube 6 2. Experimental setup 1
The test rig 2
The test rig is shown in Fig.1 , which consists of a liquid fuel feeding system, a 3 test section, a high voltage supply system. A capillary is used as a nozzle, which is 4 supported by the substrate (a ceramic package). The fuel is supplied though a plastic 5 tube to the nozzle by a syringe pump (KDS100, KD SCIENTIFIC, USA) with ±1.0 % 6 accurancy. The test section consists of a fuel-supply nozzle, a ring electrode (only for 7 the nozzle-ring system) and a ground electrode (a stainless steel grid).
8
Three types' diagnostic techniques are employed to monitor the electro-spraying 9 modes. They are (1) the observations, in which the photographs of different Ohm's law.
18
The liquid fuel used is pure ethanol (CH3CH2OH, molecular weight of 46.07, 19 purity >99.5 %). A conductivity meter with ±1.0 % accuracy (Rex; DDS-307A;
20
Shanghai, China) is applied for measuring the conductivity of ethanol. 7 1 1-syringe pump; 2-syringe; 3-plastic pipe; 4-substrate; 5-nozzle; 6-laser lamp; 7-2 ring electrode; 8-high-voltage DC power source; 9-laser; 10-focusing lens; 
test section

8
The two electro-spraying systems are employed in the present experiment, 9 namely, the nozzle system in which the nozzle is maintained at high potential by 10 connecting it to a direct-current (DC) power source (71030P, GENVOLT, UK), and a 11 stainless steel grid is grounded; and the nozzle-ring system in which the nozzle and 12 the ring electrode are connected to two DC power source (71030P, GENVOLT, UK) 8 separately, and the stainless steel grid is also grounded. The distance between the 1 nozzle and the stainless steel grid is the same for both the nozzle system and 2 nozzle-ring system. Fig.2 shows the test section and the distribution of measuring 
Measuring system
7
The spray current was so small that it is difficult to be measured directly by the 
21
The electric potential difference across the resistance is 0.00-0.08 V, the power source voltage is 0.00-7.00 kV. Compared with the spray resistance, the standard 1 1 MΩ resistance connected between the grid and the ground electrode is very low, its 2 effect on the spray current can be ignored. which can ensure the estimation of droplet size and velocity statistics to be accurate.
16
The distribution of measuring sections and points is shown in Fig.2 . The are from the handbook [23] . Table 2 shows the measurement errors.
12 of L2=20.00 mm, and the applied voltage on the ring electrode is of Vr =1.00 kV.
10
When the liquid drop is charged, the drop turns into a cone, then a liquid jet 11 appears at the cone apex, and the jet is broken into micro-scale droplets due to positively or negatively charged depending on the polarity of the high voltage supply.
5
For the nozzle electro-spraying system (in Fig.4) , the droplets are charged mainly 6 based on conduction charging method. For the nozzle-ring electro-spraying system (in by the electric field to the ground or to the opposite polarity causing the enhancement 10 of the space electric field; and the total electric field could be called as ionized fields.
11
The drifted space charges can cause the ion current in space and corona current on the 12 conductor, respectively.
13
The empirical solution for a corona initiation field Eco (V/m) from ring electrode field intensity exceeds to the value of Eco, the corona discharge is emerged, the air is 5 ionized, and the current increases rapidly. electric potentials at a fixed ring electric potential of 1.00 kV in nozzle-ring system.
8
The combined electric field is established by the nozzle, the ring and the grid. The be ionized to some extent, which causes neutralization with the charged droplets.
1 potential is increased to over 4.60 kV, the corona charging dominates the charging 2 process, the neutral air can be ionized greatly and the current is increased rapidly. The volume mean diameter is calculated from the mean of the droplet volumes The velocity in the nozzle-ring system is smaller than that in the nozzle system, 10 and the variation of the velocity is smaller in the nozzle-ring system. The droplets 11 breakup process is dominated by the axisymmetric disturbance. For the nozzle-ring 12 system, the axisymmetric disturbance is protected by the ring electrode, due to the 18 decreasing of the electric field strength near the cone-tip. The electric field strength in 1 the nozzle-ring system is smaller than that in the nozzle system at the axial position 2 (z=10.0 mm) [19] . At small flow rate (0.40 ml/h <Q <2.00 ml/h), the liquid is charged 3 completely, and the droplets have more time to evaporate due to its smaller droplet 4 velocity, so the droplet size is smaller in the nozzle-ring system. At large flow rate 5 (2.00 ml/h<Q< 3.20 ml/h), the liquid is charged incompletely. In addition, the electric 6 field strength in the nozzle-ring system is smaller than that in the nozzle system. Thus, 7 the droplet size becomes larger than that in the nozzle system. At stable cone-jet mode, a cone-like meniscus is formed at the nozzle tip, from 6 whose apex a jet is emitted. The cone-jet surface is given as the following equation
where r is the radial coordinate, z is the axial coordinate as shown in Fig. 2, and ξ   10 is the cone-jet surface.
11
The charge conservation is expressed as [15] : where I is the total emitted atomization current, the first term on the right-hand side is 1 the induction current, the second term is the conduction current, Q is the flow rate, ε0 2 is the permittivity of a vacuum, K is the electrical conductivity of the liquid, En is the 3 normal electric field, and Es is the tangential electric field.
4
The atomization current I depends on the liquid properties (density ρ and 5 viscosity μ, electrical conductivity K, gas-liquid surface tension σ, and relative where M is the number of data points, Ipred is the atomization current predicted by the 4 available correlations, Iexp is the atomization current measured in the experiments.
5
Based on the present experimental results, the fitted equation (10) has a MRE of 2.8%,
6
and the fitted equation (11) has a MRE of 2.1%. where V is the droplet volume. It indicates that charge density have a -1.5 power 7 dependence on droplet diameter. And the smaller droplet has higher charge density. 
Conclusions
13
In the present study, the experimental study on electro-spraying from small-scale (1) At cone-jet mode, the smaller atomization currents and droplet velocities 3 corresponds to the smaller droplet sizes.
4
(2) The dimensionless atomization current in both nozzle system and nozzle-ring 5 system obey the scaling law as square root of the dimensionless flow rate.
6
(3) The charge density has a -1.5 power dependence on the droplet diameter; both the 7 nozzle system and the nozzle-ring system show a good agreement with the Rayleigh 8 instability. 
